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Abstract—Additive manufacturing (AM) has become a
popular fabrication technique with continual increasing
development for hobbyists, industrial applications, and
ongoing research. With the development of metal-based AM
processes, the quality of built parts in terms of dimensional
accuracy and material properties must be investigated to better
understand the effect of printer process parameters and how
performance can be controlled for desired part characteristics.
This paper summarizes the previous existing designs and
documented key aspects and considerations for test artifacts
upon which a new test artifact was designed for use on
analyzing builds of two 3D metal printers. The artifact
designed includes features for dimensional analysis as well as
novel features for strength and other material properties. Initial
prints of 316L stainless steel show geometric accuracies
of -0.35 to 0.09 mm and -0.45 to 0.15 mm and reasonable
values for surface roughness, hardness, and strength.
Indications of anisotropy were found through strength and
hardness testing, which will be further investigated moving
forward to record the effect of process parameters on the
properties.
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. INTRODUCTION

The use of direct metal laser sintering (DMLS) is becoming
well established in many manufacturing sectors, especially
aerospace for the increased life cycle and weight reduction
capabilities [1]. Despite the acceptance of Additive
Manufacturing (AM), its widespread implementation is
inhibited by issues with part accuracies, surface properties,
and control and characterization of mechanical properties [2].
There remains a lack of standards for AM, including DMLS
prints; therefore, benchmark specimens are used to gain
information about specific machine abilities and print quality
characteristics [3]. These artifacts allow for the investigation
of specific print characteristics, for example, surface
roughness, dimensional errors, material properties, and feature
limitations [1, 4, 5]. This paper focuses on the development of

a benchmark test artifact that contains many features for
dimensional analysis, mechanical properties, thermal
properties, surface properties, etc. The specimen is designed in
consideration of the build volume and properties of the EOS
M100 and is used to compare and relate the performance and
characteristics of 316L stainless steel prints completed on an
EOS M100 and M290 printer and identify notable properties
to study further.

Il.  BENCHMARKING

A. Design of a Test Specimen

In defining the intent of the proposed test artifact for NIST,
Moylan [2] constructed a generalized list of eight key print
criteria to test in an AM test artifact for the assessment of a
machine or process. They suggested an AM process should be
capable of printing:

e straight features,
parallel and perpendicular features,
circular and arced features,
fine features of minimum attainable size,
freeform features,
holes and bosses,
in the horizontal and vertical plane, and
features in the correct locations and orientation
Other ‘rules’ have also been established to consider when
designing an ideal test part, which are not included in the eight
criteria. The qualities noted by Ritcher and Jacobs [6] included
that the test artifact be large enough so the edges and center of
the build area are tested, that it should have a variety of sized
features, that the print time is minimized, that minimal
material is used, that the features should be easy to measure,
and that the part contains many features found in functional
parts. Scarvetti [7] added that to determine the source of
defects, a test artifact should be made of simple shapes for
defining geometry, allow for repeatability measurements, and
require no manual intervention or support material.

There have been several widely referenced benchmark
parts in the past that follow the above rules to varying extents
and are applicable to DMLS printing [1, 2, 8, 9]. Kruth [8]



presented an artifact that included flat surfaces for surface
roughness measurements as well as small holes, small
cylinders, and thin walls for dimensional analysis (Fig. 1).
Other features of the design included sharp corners for
investigating overheating, a sloping plane for investigating the
stair effect of layers, and a thin plane to indicate warping. The
artifact also allowed for pieces to be cut out for mechanical
testing. A test specimen used by Castillo [9] (Fig. 2) included
a feature of multiple planes at different angles, tall extrudes,
and a hemisphere. For their comparison of prints from
different machine vendors, Yasa [1] developed a modified
version of Kruth’s design by incorporating angle specimens
similar to Castillo as well as a pipe extrusion (Fig. 3). Moylan
[2] put forth a proposal for a standard specimen in compliance
with the eight previously mentioned criteria (Fig. 4).
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Figure 1. Test artifact used by Kruth [8].

Figure 2. Test artifact used by Castillo [9].

Figure 3. Test artifact used by Yasa [12].
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Figure 4. Test artifact proposed by Moylan [2].

Figure 5.  Overhanging test specimen used by Chen (left, [11]) and Atzeni
(right, [12]).

There have also been many test specimens developed for
the investigation of specific print properties, notably surface
roughness and dross formation on unsupported overhanging
features; these specimens can be seen in Fig. 5 [11, 12].

B. Motivation for an Original Test Specimen

An innovative test artifact is required for this work for the
benchmarking of two DMLS machines being used in an
ongoing research project, the EOS M290 (build volume of 250
x 250 x 325 mm) and EOS M100 printers (build volume of
@100 x 95 mm), both produced by EOS GmbH. This work
aims to compare builds on the two printers to identify
variations in build quality between the machines, as well as
the impact of specific orientations of features, including build
direction and orientation to build platforms. Several specific
requirements not addressed previously drive the need for a
novel test artifact. First, this benchmarking requires the
evaluation of as-built mechanical properties, so features must
be designed and located in such a way as to require minimal
post-processing, including cutting or machining, before
conducting tensile and hardness tests. The new test specimen
was also developed to include a measure of the impact of
thermal gradients on the builds. Finally, it was adapted for the
geometry of the M100 build volume, which would not be
possible through simple scaling of previously developed
artifacts.



I1l.  METHODOLOGY

The model for the newly presented test artifact is shown in
Fig. 6 and Fig. 7. The artifact is generally a modified version
of the artifact proposed by Moylan [2]. Overall dimensions for
the build are 70 mm x 70 mm to reach the outer regions of the
M100 build envelope. Prints of the artifact are printed in a
diamond with respect to the x-axis of the machine to mitigate
issues with sudden cross-sectional area increases for the
recoating blade. All builds on the M290 and M100 printers
were run using the EOS recommended default material
settings, which have energy densities of 115 Jmm”3 and
92 JJmm~3, respectively. The material used was EOS
StainlessSteel 316L.

The design includes small vertical (2) and lateral (6)
features, steps for z-axis measurements (7), straight surfaces of
various orientations (3), a ramp for analyzing the stair effect
(13), and tower features for testing the printable aspect ratio
(12) for which the general rule has been cited as 7:1 [13]. The
artifact also includes unsupported circular (1), angled (5), and
bridge-type overhangs (11). The bridge-type overhangs serve
as a means of examining the increasing severity of the effects
of overheating, which can be attributed to the poor
conductivity of the supporting powder [4].
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Figure 6. New test specimen design with feature labels.

Figure 7. Top view drawing of the test artifact within the build platform
area, with the x-axis denoting the direction of the recoating blade.

TABLE I. TABLE OF TEST ARTIFACT FEATURE TYPES, DIMENSIONS,

AND CORRESPONDING CHARACTERIZATION TOOLS

Feature Type of Dimensions Inspection Method
No. Feature
1 Circular 5-8mm ISM Digital Analyzer
overhangs diameter
2 Small vertical | 0.1-2mm ISM Digital Analyzer
features
3 Straight side 70 mm Calipers, indicator
surfaces
4 Thermal stress 38.5mm Height gauge
specimen length
5 Angled 30-45 ISM Digital Analyzer
overhangs degrees
6 Small lateral 0.1-2mm ISM Digital Analyzer
features
7 Z-axis steps 2mm Height gauge
8 Vertical dog 5mm TQ SM1002 Bench Top
bone diameter Tensile Testing Machine
9 Horizontal 2mmx8 TQ SM1002 Bench Top
tensile mm Tensile Testing Machine
specimen
10 Flat surface nla Starett SR100 Surface
for roughness Roughness Tester, TQ
and hardness SM1002 Bench Top Tensile
Testing Machine, and ISM
Digital Analyzer
11 Overhangs 4 -7 mm ISM Digital Analyzer
12 Towers for 5-8mm ISM Digital Analyzer
aspect ratio length,
1mm
diameter
13 Ramp for 1 mm rise, Starett SR100 Surface
staircasing 25 mm run Roughness Tester
14 Boss and hole 3mm Calipers
cylinders diameter

Other notable features and analysis techniques for the
design are elaborated on in the following sections and are also
summarized in Table 1 along with all other features. Inspection
methods for all features have also been determined and are
included in Table 1.

A. Residual Stress

Residual stresses are a known issue in powder bed fusion
manufacturing techniques. The layer-wise production of the
part results in large localized temperature fluctuations in a
short period of time, resulting in thermal and residual stresses
that can cause deformation in printed parts [14]. In the current
specimen, a cantilever beam 38.5 mm in length is included to
assess the magnitude of residual stresses created during
manufacturing. This is based on a technique applied by
Buchbinder [15] to study the extent preheating the base plate
has on residual stresses and distortion. This has been adopted
as a standard process by multiple researchers [16, 17, 18],
including by Li et al. [16] to simulate heat flux and residual
stress fields of selective laser melting prints.
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Supporting legs

Figure 8. Side view of residual stress specimen.



The inclusion of this feature on the test artifact (4), shown
in Fig. 8, allows for a relative measure of residual thermal
microstresses in the part by measuring the percent deflection at
the tip of the feature after an incision is made to remove the
supporting legs of the cantilever piece. When the supporting
layers holding the beam are removed, the stresses become
uneven, and the unstable beam deflects [19]. Measurements are
taken while the test artifact is still on the base plate.

B. Surface Properties

Designated areas are defined on both the top and side
surfaces of the test specimen for Brinell hardness testing. The
top surface area used is noted in Fig. 6 and allows for three
indents to be made with sufficient spacing (3 x diameter) and
no interference of the artifact bosses with the indenter used.
The side indents were made on either side of the circular
overhangs. Brinell Hardness Number (BHN) values from the
top surface of the build (x-y plane) were taken and compared
with BHN values from the side surfaces (z-planes) to consider
the effect that sintering and porosity upon solidification have
on directionality; that is, whether hardness is an anisotropic
property in the DMLS process [20]. A series of three BHN
measurements were taken and averaged from each surface
region. Using a TQ SM1002 Bench Top Tensile Testing
Machine and digital calipers, the diameter of the indentation
resulting from a 20kN maximum load from a 10-mm steel
indenter is measured.

Similarly, surface roughness, or texture morphology,
resulting from the thermal effects of sintering is characterized.
The test artifact included multiple areas on both the top
surface and the sides for Ra roughness measurements to be
taken, using a Starett SR100 Surface Roughness Tester. A
series of 3 measurements are taken and averaged for the top
(x-y plane) and side (z plane) surfaces. Inhomogeneity in
surface roughness would suggest that the heat transfer and
cooling rate from sintering are different in the x-y, and z-
planes, and indicate that a post-processing polish may be
required to mitigate chemical reactivity on the surface with
higher roughness, more texture, and a duller finish.

C. Tensile Strength

The test artifact includes two specimens for tensile strength
testing. One of the specimens is printed vertically and the
other horizontally. This difference in build direction is
important to test as it has been shown that build direction of
parts printed through DMLS processes impacts their strength
properties greatly [21]. The specimens will identify how these
variations may be different between machines. The first
specimen is a round dog bone (5 mm diameter) in the z-axis
designed to be tested on a TQ SM1002 Bench Top Tensile
Testing Machine. The second specimen is a plate-type dog
bone, which is part of the test artifact base itself in the x-y
plane; the nominal dimensions of this tensile specimen are
2mm x 8 mm with 10 mm corner radii. The horizontal
specimen was designed as part of the main body of the test
artifact part for spatial efficiency, and it also allows for direct
measurement of the test artifact strength as it will conduct
thermal energy through the artifact. This tensile testing

requires a custom gripper to ensure axial loading of the
applied force. Both specimens are tested as built to simulate
the mechanical behaviour of a part printed with minimal post-
processing, so to include any effects from the surface quality.

IV. ANALYSIS AND DISCUSSION

A combined total of six test artifact parts were printed
successfully in 316L on the two printers, allowing for initial
testing and some preliminary conclusions to be drawn. Four of
the parts were printed on the M290 in two different
orientations, 180 degrees from each other. These were
fabricated simultaneously on the same build platform. The
remaining two parts were printed on the M100 separately, also
differing by 180 degrees.

It is worth noting that test prints led to changes to the initial
artifact design, resulting in the final design shown in Fig. 5.
The z-axis dog bone was adjusted and shortened as insufficient
feeding of the powder near build heights of 50 mm was
identified as an issue on the M100. An additional cone volume
support pattern was developed for the outer edges of the part to
prevent the corners from lifting due to thermal stresses.
Connecting volumes were added to the middle gap of the
artifact for support when removing the part from the base plate;
these volumes are cut before tensile testing.

The observed geometric deviations for M2100 prints
were -0.13 to 0.09 mm for features on the x-y plane and -0.35
to 0.04 mm for features on lateral surfaces. On the M290, the
x-y and lateral geometric deviations were -0.15 to 0.15 mm and
-0.45 to 0.02 mm, respectively. The surface roughness of the
M100 parts averaged Ra values of 10.6 um for the top and
9.5 um for the sides. For the M100, the Ra values were
12.7 um for the top and 10.2 um for the sides. All roughness
measurements fell within the stated range in EOS
documentation [22]. The relative residual stress data shows
similar deflections of 36.4% and 37.3% for the M100 and
M290 printers, respectively. Future work will include
additional prints to further verify repeatability of the results, as
well as a more in-depth analysis of geometric, mechanical, and
overall build quality observations. However, it should be noted
that both printers to date have shown good repeatability for
previously printed parts.

A. Comparison of Mechanical Properties

Initial results from tensile testing show that the ultimate
strengths for both the z and x-y axes are similar for both
machines. The strength results are also within the published
results by EOS for machined parts. In terms of hardness, the
results are displaying a clear indication of anisotropy, where
the indentations made parallel to the build direction have
larger BHN than the indentations perpendicular to the build
direction. It has also been observed that the hardness values
for artifacts built using the M290 are lower than those built
using the M100.

B. Comparison of EOS M100 and M290 Build Quality

Observations from the current set of prints suggest that the
resolution capabilities of the printers in the x-y plane varies
depending on whether the part is a boss or a hole, with the



M100 more capable for the creation of small hole features,
while the M290 is more capable in the creation of small bosses
(Fig. 9). Table 2 categorizes small feature success based on
observation with a digital microscope. A feature is considered
to be failed (F) if there is no formation for the bosses and if
there are no open gaps for the holes, partial (P) if there is an
incomplete formation for the bosses and if the hole is mostly
closed off for holes, and otherwise is considered to have
successfully printed (S). Fig. 10 provides a labelled CAD
visual of the small vertical features.

For lateral features, the M100 prints accumulated less
dross formation and were thus more accurate. This observation
would agree with assertions made by Chen [11] of dross
formation decreasing with decreasing energy density. The
same observation cannot yet be made for the bridge features.
However, it is notable that for the M100, results from printing
at orientations separated by 180 degrees suggest the dross
formation is increased when the bridges are located in the back
section of the build platform versus the front. Interestingly, the
circular overhanging features, as well as the bottom edge of
M100 prints, show clear effects of thermal degradation
(Fig. 11), which indicates that there is more to investigate
regarding the thermal gradient behaviour for these prints.

i s, i e
Figure 9. Success of small rectangular holes for M290_1 (left) and M100_1
(right) taken with ISM Digital Analyzer.

Rectangular walls Rectangular spaces
Rectangular holes Rectangular bosses
Circular bosses Circular holes

Figure 10. Small vertical features of test artifact.

TABLE II. TABLE OF SMALL FEATURE PRINT SUCCESS
M100 M290

Feature (100 pm) 1 2 1 2 3 2
Rectangularboss | FF | F | PP | F F F
Rectangular walls F F P s S F
Rectangular hole P P F F F F
Rectangular spaces | S S P P P P
Circular boss F F S S S S
Circular hole P P F F F F

a. Fail b. Partial c. Success
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Figure 11. Sides of printed test artifacts showing dross formation on bridge
overhangs for both M100 print (bottom) and M290 print (top) and overheating
of the circular overhangs and bottom edge for the M100 print.

C. Next Steps

Early results from printing the test artifact show acceptable
results for geometric accuracy, surface roughness, and
mechanical properties and demonstrate the effect of anisotropy
in the hardness and strength data. Dross formation indicates
effects due to energy density and build volume location.
Additional prints on both the M100 and M290 printers are to
be completed to further validate these results and observations.

In this paper, we have presented a test artifact designed
with the intent to perform initial investigations into multiple
features simultaneously and identify results and trends
requiring further study. Future work will involve the design of
targeted test artifacts to conduct focused studies on these areas
of interest. The design will allow for multiple instances of a
specific feature, on one or multiple test specimens, to be
printed in one build at varying locations and orientations to
analyze the effect of these parameters.

Using Design of Experiments (DoE) methods, the
exposure parameters of the printers (laser power, speed, and
scan strategies) will also be varied to complete an array of
builds and investigate the effect of printer parameters, as they
have been shown to change the density and mechanical
properties of printed parts [23, 24].

V. CONCLUSION

The design of a new test artifact required additions to allow
for the measurement of as-built mechanical properties,
deformation due to residual stress, and various geometric and
surface qualities. Results recorded from initial 316L prints
revealed values for surface roughness, hardness, and ultimate
strength that varied depending on the axis of the measurement;
all values were within the published ranges. Differences in the
attainable resolution of the two DMLS printers for small
features were also noted. Moving forward, further prints and a
systematic investigation based on DoE will reveal the



relationship between process parameters of the printers and
selected mechanical properties of interest.
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